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ABSTRACT A meridic diet was supplemented with avidin at various concentrations to determine
its effects on growth and mortality of three lepidopteran insects:Helicoverpa zea (Boddie), Spodoptera
exigua (Hübner), and Anticarsia gemmatalis (Hübner). All insects were placed on diet immediately
after hatching and observed until death or pupation occurred. At a concentration of 10 ppm, avidin
had little or no effect on growth and mortality compared with the control. However at a concentration
of 100 ppm almost all tested insects were killed. H. zea was further tested by adding sublethal
concentrations of Bt (Cry1Ac) in the diet containing avidin. The synergistic effect was signiÞcant, with
mortality increasing to 44.4% over additive mortality (21.6%) of Bt and avidin.
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TRANSGENIC CROPS HAVE HAD a profound impact on ag-
riculture and the environment. Bacillus thuringiensis
(Bt) cotton that produces toxins from the soil bacte-
rium Bacillus thuringiensis Berliner is widely grown to
control many important lepidopteran species. How-
ever, the potential evolution of Bt resistance in lepi-
dopteran cotton pests (Gould et al. 1997, Gahan et al.
2001) could rapidly decrease the value of this bio-
technology. To prolong the beneÞt of this biotech-
nology, alternative control measures should be devel-
oped to relieve selection pressure and slow down
resistance development among many lepidopteran in-
sects. Limited research has been conducted to in-
crease Bt toxicity to Helicoverpa armigera (Hübner)
and the diamondback moth, Plutella xylostella (L.)
(Wang et al. 1999, Liu et al. 2000, Qiu et al. 2002). In
these studies, up toa three-fold increase in toxicitywas
obtained by the addition of inorganic additives.

Avidin is a bioactive glycoprotein found naturally in
the egg white of bird, reptile, and amphibian eggs.
Chicken egg white contains no �500 ppm of avidin,
which tends to be less stable and vulnerable to deg-
radation by proteinases under acidic conditions in the
human stomach (Kramer 2004). Transgenic corn
seeds contain as much as 3000 ppm avidin (Kramer
2004). Avidin corn was not toxic to mice when ad-
ministered as the sole component of their diet for 21 d
(Kramer 2000). Avidin has a very strong afÞnity for the
vitamin biotin, which is a coenzyme required for en-

zymes that catalyze carboxylation, decarboxylation,
and transcarboxylation reactions in all forms of life
(Kramer 2004). Avidin has a long history of use in a
variety of biochemical and medical diagnostic proce-
dures. Insecticidal activity of chicken avidin has been
known since 1959 (Levinson and Bergmann 1959).
Sequestration of biotin causes vitamin deÞciency and
in turn leads to stunted growth and mortality of many
insect species. Transgenic avidin corn (Kramer et al.
2000), tobacco (Markwick et al. 2003), and apple
(Markwick et al. 2003) plants showed strong resis-
tance and insecticidal activities against many Þeld
crop and stored product insects. To explore the po-
tential use of avidin for controlling a wide range of
lepidopteran pests, we incorporated various concen-
trations of avidin into artiÞcial diet to study its effect
on three major noctuid insects. We also treated boll-
worm, Helicoverpa zea (Boddie), with avidin and
Cry1Ac Bt toxin to investigate the synergistic effect
between these two insecticidal proteins.

Materials and Methods

Effects of Avidin across Lepidopteran Species.
Three lepidopteran species were selected for bioas-
says with avidin. These included bollworm; beet ar-
myworm, Spodoptera exigua (Hübner); and the vel-
vetbean caterpillar, Anticarsia gemmatalis (Hübner).
Eggs of all three lepidopteran species were supplied
by the rearing laboratories of the USDAÐARS, South-
ern Insect Management Research Unit, Stoneville,
MS. To determine the effect of avidin on larval mor-
tality, larvae were reared on artiÞcial diet. One liter of
diet contains 120.0 g of dry-mix (tobacco budworm
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mix) (BioServe, Frenchtown, NJ), 20.0 g of ultrapure-
low melting point agarose (Invitrogen, Carlsbad, CA),
and 9.0 g of USDA vitamin premix (BioServe). To
minimize mold, an acid mixture (2.5 ml) consisting of
42% propionic acid (A258, Fisher ScientiÞc, Pitts-
burgh, PA), 4% phosphoric acid (04107, Sigma, St.
Louis, MO), and 54% distilled water was added. Based
on preliminary experiments, the artiÞcial diet was sup-
plemented with avidin (A9275, Sigma) at two con-
centrations [10 and 100 ppm (fwt)]. Diet was cooled
in a water bath to 33�C before the appropriate avidin
concentrations were added. All species were reared at
26.5�C and 40Ð60% RH in a growth chamber. Larval
mortality was initially determined at 5 d after treat-
ment (DAT) and observed at 7 and 10 DAT. Three
replications of 10 larvae were examined for each treat-
ment. For each replicate, larval mortality for avidin
treatmentswascorrected fromtheappropriatenatural
mortality using AbbottÕs Formula (Abbott 1925).
Means for each treatment were compared using anal-
ysis of variance (ANOVA) and separated using the
FisherÕs protected least signiÞcant difference proce-
dure at the � � 0.05 level (PROC MIXED, Littell et al.
1996, SAS Institute 1997).
Activity of Avidin and Synergy with Bt against Boll-
worm. Because the bollworm is the major lepidop-
teran pest on Bt cotton (Williams 2005), the activity
of avidin and its relationship with Bt was examined for
this species. Bioassays were conduced for the boll-
worm exactly as described above, except that addi-
tional concentrations were included (15, 20, 40, 60,
and 80 ppm). In addition, surviving larvae from the 10,
15, and 20 ppm concentrations were weighed at 5, 7,
10, and 12 DAT. This facilitated the selection of avidin
concentrations for synergy studies with Bt, that dem-
onstrated low mortality but substantial effects on lar-
val weight (see below), Larval mortality for each con-
centration was corrected as described above (Abbott
1925) and analyzed with the PROC PROBIT option of
SAS (SAS Institute 1997).

The same artiÞcial diet used in the above experi-
ments was supplemented with Bt (Cry1Ac protoxin
from MVP II) (Monsanto Corp., Louis, MO) at con-
centrations of 10 and 20 ppb. As with avidin, Bt con-
centrations were determined for the bollworm
through preliminary experiments that demonstrated
low mortality but substantial effects on larval weight
(data not shown). Neonates were placed on diet sup-
plemented with avidin only, Bt only, or avidin � Bt
and monitored every 2 to 3 d for changes in larval
mortality and weight until either pupation or death.
Bollworms were reared at 26.5�C and 40Ð60% RH in
a rearing chamber. Three replications of 10 larvae
were studied for each experiment. Larval mortality for
each concentration was corrected as described above
(Abbott 1925). Means for each treatment were com-
pared using ANOVA and separated using the FisherÕs
protected least signiÞcant difference procedure at the
� � 0.05 level (PROC MIXED, Littell et al. 1996, SAS
Institute 1997).

Results

Effects of Avidin across Lepidopteran Species. The
activity of avidin was similar across all three species
(Fig. 1). For all treatments, control mortality never
exceeded 20%. At 5 DAT, no signiÞcant differences
(P� 0.05) in larval mortality were observed across the
species and among the two treatments (10 and 100
ppm). In addition, at 7 and 10 DAT there were no
signiÞcant differences (P � 0.05) in larval mortality
among the three species and no signiÞcant interaction
between species and treatments (P� 0.05). However,
for all species, mortality was signiÞcantly higher (P�
0.05) when larvae were reared on diet containing
100 ppm compared with 10 ppm at 7 and 10 DAT. By
10 DAT, larval mortality for all species approached
100% on diet containing 100 ppm avidin.
Activity of Avidin and Synergy with Bt against
Bollworm. A dose response with avidin was observed
for the bollworm (Table 1). Mortality at 5 DAT was
low, and a signiÞcant lack-of-Þt did not allow for
accurate calculation of Þducial limits. However, at
7 DAT and 10 DAT, observed mortality corresponded
with predicted mortality that allowed LC50 values to

Fig. 1. Mortality of beet armyworm (BAW), velvetbean
caterpillar (VBC), and bollworm (Zea) larvae when fed
avidin incorporated into meridic diet at two concentrations.
(A) 7 DAT. (B) 10 DAT. Regardless of species, mortality was
signiÞcantly higher at 100 ppm than 10 ppm (7 DAT: F �
44.14; df � 1, 10; P � 0.001) (10 DAT: F � 92.85; df � 1, 10;
P� 0.001). Asterisk (*) indicates 100% mortality observed at
all replicates; therefore, it was excluded from the ANOVA.
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be calculated with relative certainty (7 DAT: LC50 �
66.2 ppm, 10 DAT: LC50 � 22.6 ppm). By 10 DAT,
observed mortality approached 100% at concentra-
tions �40 ppm.

Atconcentrationsof avidin thatproduced low levels
of mortality, signiÞcantly lower larval weights (P �
0.05) were observed compared with the untreated
control (Fig. 2). Because a signiÞcant interaction (P�
0.05) was observed between time of evaluation and
the four treatments (F � 4.61; df � 9, 30; P � 0.001),
separate ANOVAs were conducted for each time of
evaluation. At 5 DAT, signiÞcant differences among
larval weights were observed (F� 52.90; df � 3, 8; P�
0.001). Larvae that were reared on diet containing 10
ppm weighed signiÞcantly more (P� 0.05) compared
with larvae reared on higher concentrations of avidin
or the untreated control. At 7 DAT, signiÞcant differ-
ences among larval weights were observed (F� 29.61;
df � 3, 6; P� 0.005). Larvae that were reared on diet
containing 10 ppm weighed signiÞcantly more (P �
0.05) compared with larvae reared on higher concen-

trations of avidin or the untreated control. However,
larvae that were reared on diet containing the highest
dose of avidin (20 ppm) weighed signiÞcantly less
(P � 0.05) compared with larvae reared on all other
doses of avidin or the untreated control. At 10 DAT,
signiÞcant differences among larval weights also were
observed (F� 28.34; df � 3, 8; P� 0.001). Larvae that
were reared on diet containing 15 and 20 ppm weighed
signiÞcantly less (P � 0.05) compared with larvae
reared on diet containing 10 ppm or the untreated
control. Furthermore, at 10 DAT there were no sig-
niÞcant differences among larval weights (P � 0.05)
for diet containing 10 ppm of avidin and the untreated
control. At 12 DAT, signiÞcant differences among lar-
val weights also were observed (F� 5.87; df � 3, 8;P�
0.023). However, only diet containing 15 and 20 ppm
of avidin signiÞcantly reduced larval weights (P �
0.05) compared with the untreated control.

Avidin is synergized by the addition of Bt against the
bollworm (Figs. 3 and 4). As observed for the above-
mentioned experiment involving weight response of

Table 1. Activity of avidin when incorporated into a meredic diet against H. zea larvae

Concn of avidin in
diet (ppm)

7 DAT 10 DAT

Observed %
mortality
(SEM)a

Predicted
% mortality

Observed %
mortality
(SEM)a

Predicted
% mortality

0 0 . 0 .
10 3.3 (3.33) 7.80 16.7 (6.67) 8.91
15 13.3 (6.67) 13.28 13.3 (6.67) 24.93
20 26.7 (8.82) 18.45 33.3 (12.02) 42.01
40 33.3 (3.33) 35.27 96.7 (3.33) 82.71
60 46.7 (3.33) 47.06 96.7 (3.33) 94.66
80 56.7 (3.33) 55.65 96.7 (3.33) 98.16
100 60.0 (10.00) 62.16 96.7 (3.33) 99.30

Likelihood ratio �2 P � 0.77 P � 0.032b

LC50 (95% FL) 66.20 (51.12Ð96.13) 22.60 (17.97Ð28.05)
Slope (ln) (SEM) 0.75 (0.127) 1.65 (0.248)

a Average of three replicates, 10 larvae per replicate.
b Large �2 (P � 0.05). A t-value of 2.09 used to compute 95% Þducial limits.

Fig. 2. Larval weights for bollworms fed avidin at sublethal doses (�LC50) incorporated into meridic diet. Within a time
period, bars with a common letter are not signiÞcantly different (� � 0.05) from one another according to FisherÕs protected
least signiÞcant difference.
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avidin and the bollworm, a signiÞcant interaction (P�
0.05) was observed between time of evaluation and
the treatments (larval mortality: F� 15.44; df � 17, 52;
P � 0.001, and larval weights: F � 13.64; df � 15, 46;
P � 0.001); therefore, separate ANOVAs were con-
ducted for each time of evaluation. At 5 and 7 DAT, no
signiÞcant differences (P � 0.05) in larval mortality
were observed among the treatments (Fig. 3). How-
ever, at 10Ð17 DAT, signiÞcant differences in larval
mortality (P � 0.05) among the treatments were ob-
served (10 DAT: F� 9.52; df � 4, 8; P� 0.004, 12 DAT:
F� 127.63; df � 4, 8;P� 0.001, 14 DAT: F� 54.82; df �
4, 8; P � 0.001, and 17 DAT: F � 62.78; df � 4, 8; P �
0.001). At 12, 14, and 17 DAT, larval mortality was
signiÞcantly greater (P � 0.05) for avidin at 10 ppm

containing Bt at both 10 or 20 ppb compared with all
other treatments. In addition, larval weights were sig-
niÞcantly different among the treatments for all time
periods (5 DAT:F� 16.41; df � 5, 12;P� 0.001, 7 DAT:
F � 113.15; df � 5, 12; P � 0.001, 10 DAT: F � 55.77;
df � 5, 12; P � 0.001, and 12 DAT: F � 25.01; df � 5,
12; P � 0.001) (Fig. 4). Although not always signiÞ-
cant, treatments containing both avidin and Bt had
numerically lower weights compared with treatments
containing avidin or Bt alone, or the untreated control.

Discussion

In this study, growth of all three lepidopteran in-
sects was greatly retarded by diet that contained avi-

Fig. 3. Mortality of bollworm larvae when fed avidin, Bt, or both incorporated into a meridic diet. Within a time period,
bars with a common letter are not signiÞcantly different (� � 0.05) from one another according to FisherÕs protected least
signiÞcant difference. Asterisk (*) indicates 0% mortality observed at all replicates; therefore, it was excluded from the
ANOVA.

Fig. 4. Larval weights for bollworms fed avidin, Bt, or both incorporated into a meridic diet. Within a time period, bars
with a common letter are not signiÞcantly different (� � 0.05) from one another according to FisherÕs protected least
signiÞcant difference.
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din. In addition, we also observed signiÞcant activity
of avidin against the fall armyworm, Spodoptera fru-
giperda (J.E. Smith) as well as the tobacco budworm,
Heliothis virescens (L.) (data not shown). Avidin in
diet at a concentration as low as 40 ppm could kill up
to 100% of the larvae. We also found that avidin syn-
ergized Cry1Ac Bt toxicity against the bollworm, and
our results are consistent with those of Burgess et al.
(2002). Avidin is a bioactive protein, and the gene
coding for its synthesis could be inserted into cotton
(or other Þeld crops) genomes alone or stacked with
Bt genes. By targeting different sites, avidin and Bt
together could be more effective in suppressing lep-
idopteran insects and also could help delay develop-
ment of resistance to Bt.

Currently, in the mid-southern United States, trans-
genic Bt cotton makes up �90% of the cotton grown
(Williams 2005). It is widely used because it effec-
tively controls the tobacco budworm. In current trans-
genic (Bt) cotton systems, resistance development in
a lepidopteran insect is a potential threat to the Bt
biotechnology because of high selection pressure
against target insects from one or dual highly speciÞc
toxins due to widespread adoption of Bt cotton. Bt
resistance is attainable and a number of insect species
have developed resistance through laboratory selec-
tion (Tabashnik 1994), including the tobacco bud-
worm with �10,000-fold resistance (Gould et al. 1995)
and the pink bollwormPectinophora gossypiella(Saun-
ders), with �3,100-fold resistance (Tabashnik et al.
2002). Resistance to transgenic Bt cotton also has been
observed in H. armigera (Meng et al. 2004). Unlike
classes of Bt toxins, avidin targets different binding
sites. In the current study, the synergistic effect of
avidin with the Cry1Ac Bt toxin against the bollworm
(also seen with Cry1Ba against H. armigera; Burgess
et al. 2002) suggests strong potential for stacking
these genes into one transgenic plant. Incorporation
of an avidin gene into the cotton genome alone or
stacked with Bt toxin genes could be advantageous
for Bt resistance management. Furthermore, boll-
worms could perhaps be completely controlled by
avidin alone if cotton could express the toxin at levels
comparable to corn [3,000 ppm as shown by Kramer
(2004).

In the mid-southern United States, it is also very
important to seek alternative insecticidal proteins to
be inserted into the cotton genome for controlling not
only lepidopteran pests but also sucking insects. The
widespread use of transgenic Bt cotton along with boll
weevil, Anthonomus grandis grandis Boheman, eradi-
cation has reduced the number of insecticide appli-
cations made to cotton each year. This has allowed
formerly secondary insects, such as the tarnished plant
bug and other sucking insects, to become more serious
problems in cotton (Snodgrass 1996, Snodgrass and
Scott 2000). Therefore, transgenic cotton with genes
that target a wider range of pests is urgently needed.
In addition to its efÞcacy against lepidopteran insects
(Markwick et al. 2001, 2003; Burgess et al. 2002), avidin
is a highly insecticidal against many coleopteran pests
(Morgan et al. 1993, Allsopp and McGhie 1996, Kramer

et al. 2000). If avidin also is shown to be effective
against sucking insects, its introduction into transgenic
cotton, along with its synergistic action with Bt toxins,
could be a major advance in cotton insect control and
Bt resistance management. In the future, we hope to
develop artiÞcial diet and an avidin delivery technique
for bioassay with sucking insects.
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